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ABSIRACr Isologous local anesthetics containing the ester, thiolester, or selenolester grouping and their quaternary ammonium analogs were studied for their ability to displace
[3H]nicotine from plasma membrane fragments of lobster nerve.
Tertiary and quaternary analogs were equiactive. The relative ability of oxo, thio, and selenGo analogs to displace nicotine was the same as their relative ability to block axonal conduction and synaptic transmission. Among cholinergic ligands, choline and aminocholine, previously shown to be inactive as depolarizing agents, were uniquely unable to displace nicotine. The findings are compatible with the presence of a biopolymer capable of binding cholinergic ligands in axonal membranes and support the postulate that the relative inactivity of quaternary compounds in intact axons is due to permeability barriers. It is widely accepted that the attachment of acetylcholine (AcCh) to a receptor in the postsynaptic membrane is one of the essential steps leading to altered membrane ion permeability and transmission of a nerve impulse. Attempts to identify the AcCh receptor have led to the isolation of highly purified glycoprotein in significant amounts from a variety of sources of synaptic membrane (1) (2) (3) (4) . Numerous studies have been carried out on structure-action relationships among compounds interacting with isolated biopolymers as well as with intact synaptic preparations (5) (6) (7) . Considerably less work has been centered on axonal membranes, but such studies have been facilitated recently by the development of techniques to isolate axon plasma membrane fractions from several sources (8) (9) (10) (11) (12) . Progress has been made in the isolation of a tetrodotoxinbinding component (13) (14) (15) and the isolation of an "axonal cholinergic binding macromolecule" has been reported by Denburg et al. (10, 16) and confirmed by Balerna et al. (12) .
The possible presence of an AcCh receptor in axons, as suggested by Nachmansohn (17) , is of particular interest because it may help to increase our understanding of the action of local anesthetics and other neuroactive agents. The present study was concerned with the relative abilities of cholinergic ligands, local anesthetics, and quaternary analogs of the local anesthetics to inhibit the binding of the neuroactive ligand nicotine to axon plasma membrane fragments isolated from lobster walking leg nerves by the procedure of Denburg (10) . The relative ability of these compounds to bind to membrane fragments was compared with their physiological activity in intact synaptic and axonal preparations.
MATERIALS AND METHODS
The technique used to isolate a plasma membrane fraction from lobster (Homarus americanus) walking leg nerve bundles was Abbreviations: AcCh, acetylcholine; ATPase, adenosinetriphosphatase.
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described in detail by Denburg (10) . Briefly, the axon plasma membrane fraction with maximal nicotine binding resides in the microsomal (100,000 X g) pellet of a hypotonic (0.32 M sucrose) extract of the nerve tissue. Low levels of nicotine binding can be detected in the tissue homogenate, but not in the 1,000 X g and 10,000 X g pellets and the 100,000 X g supernatant. Typically, 5 kg of lobster yield about 12 mg of protein in the final 100,000 X g pellet. For binding studies, the pellet was resuspended in 10 mM Tris-HCl buffer, pH 7.8. Lobsters were purchased in Boston from the James Hook Co.
[3H]Nicotine (specific activity 250 mCi/mmol) was obtained from Amersham/Searle, Benzoylcholine analogs were synthesized as described previously (18) (19) (20) . Acetamidocholine was synthesized by the procedure described by Price et al. (21) . All other reagents were of analytical grade.
The binding of radioactive ligands was assayed by equilibrium dialysis using ¼4-inch cellulose tubing. Aliquots (1 ml) of membrane protein (about 1 mg/ml) were dialyzed overnight in a 50 ml bath containing ligand + inhibitor in 10 mM Tris, pH 7.8. The radioactivities of 100 ,l aliquots of both the bag and bath contents were assayed in 5 ml of Aquasol (New England Nuclear), and an aliquot from each bag was assayed for protein by the method of Lowry et al. (22) . Acetylcholinesterase (EC 3. (25) .
RESULTS
Characterization of the Plasma Membrane Fraction. Table  1 shows the distribution of protein, acetylcholinesterase, choline acetyltransferase, Na+-K+-ATPase, and Mg2+-ATPase measured in the lobster walking leg nerves after differential centrifugation. Although the acetylcholinesterase and ATPase activities differ quantitatively from those reported by Denburg (10) and by Barnola et al. (15) , they are in good agreement with the data of Welsch and Dettbarn (26) for the same species and the data of Balerna et al. (12) for crab nerves. The observed differences may be due to seasonal variations (26) . In addition, all the enzymes, as assayed, were found to be extremely unstable.
In this hypotonic extract of nerve tissue, choline acetyltransferase activity is 100 times higher in the final 100,000 X g supernatant than in the corresponding pellet. Thus, choline acetyltransferase is either an exclusively cytoplasmic enzyme or, as suggested by Welsch and Dettbarn (26) and Fonnum (27) , a loosely bound membrane enzyme which is readily removed by osmotic shock.
The dissociation constant for the [3H]nicotine-receptor complex, as computed from Lineweaver-Burk plots ( Fig. 1 A-C), is 1 ,M, compared to 0.4 ,M in the similar preparation isologs exhibit the same relative order of potency as previously demonstrated in both squid giant axons and eel electroplax (34, 35) . The oxygen isologs were weakest, sulfur isologs were stronger, and the selenium isologs were the most potent inhibitors. The specific differences among the oxygen, sulfur, and selenium compounds are evident only at low concentrations.
As the concentration of inhibitors approaches 100 AM, inhibition is close to 100% for all the analogs. In the intact squid axon, the quaternary analogs benzoylcholine, benzoylthiolcholine, and benzoylselenolcholine exhibited markedly reduced inhibitory activity relative to their tertiary analogs (35) . These same compounds (tertiary and quaternary) are equipotent inhibitors of carbamoylcholine depolarizing activity in the eel electroplax, a modified synaptic preparation (G. D. Webb and H. G. Mautner, unpublished observations). Similarly, these tertiary amine and quaternary ammonium compounds, all of which carry a positive charge at physiological pH, were found to be equally active inhibitors of nicotine binding in the lobster axon plasma membrane fraction (Table 3) .
Mechanism of Action of Tertiary and Quaternary Benzoylcholine Analogs. The inhibition of nicotine binding over a range of 0.06-1 MM [3H]nicotine by benzoylcholine, benzoylthiolcholine, and benzoylselenolcholine and their tertiary analogs is shown in the Lineweaver-Burk plots of Fig. 1 A-C. The straight lines were plotted by least squares regression analysis. A single line was computed for the tertiary and quaternary forms of each isolog, because no statistically significant difference could be observed between the two. K1 values are as follows: oxygen isologs = 2.9 MAM, sulfur isologs = 0.5 ,M, and selenium isologs = 0.16 ,M. Because both the y intercept and the slope of the lines differ from those of the control in the presence of the sulfur and selenium isologs, the inhibition of nicotine binding is of the mixed competitive-noncompetitive type, while the oxygen isologs appear to be competitive inhibitors. DISCUSSION On the basis of observations that labeled quaternary ammonium compounds, in contrast to tertiary amines, failed to penetrate into the axoplasm of squid giant axons (37, 38), Nachmansohn suggested that the inability of quaternary nitrogen compounds to affect electrical activity in axons is due to structural barriers that prevent the compounds from reaching the axon plasma membrane, at which local anesthetics exert their action (17) . Later, Bianchi and Strobel (39) suggested that the action of the local anesthetics procaine and lidocaine is directly related to their abilility to penetrate to the inside surface of the axon The oxygen, sulfur, and selenium isologs of the local anesthetics examined in this study exhibited a similar order of activity (oxygen < sulfur < selenium) in their action on axon plasma membranes (Table 3 ) as in intact axons and neuromuscular junctions (34, 35) .. These observations support the hypothesis that, because many drugs are equally selective in blocking axonal conduction and synaptic transmission, similar processes may regulate ion permeability changes in axons and synapses (17, 42) . Furthermore, it is possible that the effects of these compounds may be due to interaction with similar cholinergic receptor-like molecules, as emphasized by the competitive nature of the inhibition of nicotine binding by the oxygen isologs. Denburg et al. (16) have also shown that procaine is a competitive i hibitor of nicotine binding. However, the Lineweaver-Burk pots in Fig. 1 A-C show that the action of the sulfur and selenium isologs is at least partially noncompetitive, suggesting a sedond site of action. Because the selenium isologs have been shown to react with thiol groups (43) , they may combine with nonspecific SH groups outside the nicotine-binding sites.
Perhaps the best evidenbe that the nicotine-binding fraction has specificity for binding cholinergic molecules is the striking inactivity of choline, a cotnkound that is a very poor agonist in the eel electroplax (33) and which, even after venom treatment, has little or no effect on the action potential of intact squid axons (32) . In addition, the inhibitory effects of all the cholinergic ligands tested on [3H]nicotine binding (Table 3) are compatible with the hypothesis that a cholinergic binding macromolecule can be identified in axon plasma membranes (16) . In related studies, Villegas has characterized "acetylcholine receptors" in the Schwann cell rtufinbrane of the squid nerve fiber (44) .
In previous studies; equipotent molar ratios for carbamoylcholine, methylthiocholine, and methoxycholine were rrieasured as an index ot the relative activity of these cholinergic agonists in both nicotinic and muscarinic preparations. In the nicotinic eel electroplax, Webb Table 2 , equipotent molar ratios close to 1:10:10 cdn be derived for these compounds. Also, Denburg et al. (16) bbserved that atropine, a highly specific muscarinic antagohist, strongly inhibits nicotine binding. Thus, it should be emphasiz#d that, although nicotine was chosen as a neuroactive ligarid for these studies, the axonal binding proteins are not "rldcotiffic" in the orthodox sense.
These data support the hypothesis that the nicotine-binding fraction of lobstel axon plasma membrane fragments has high specificity for cholihergic ligands as well as for local anesthetics. The binding selectivity of isolated axon membrane fragments is similar to that of intact axons and synapses, suggesting that a common receptor mechanism may operate at these sites. Because the activity of analogous tertiary amine and quatemary ammonium compounds is identical in membrane fragments, we conclude that the cholinergic receptor biopolymer in axons is largely masked by permeability barriers.
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